To date, all risk assessment studies on benzene have been based almost exclusively on epidemiological data. We have attempted a more integrated and quantitative evaluation o f carcinogenic risk for humans, trying to utilize, in addition to the epidemiological data, all data available, specifically data on metabolism, genotoxicity, and carcinogenicity in small rodents. A n integrated evaluation o f the globality o f the available data seems to suggest a progressive saturation o f metabolic capacity both for m a n and rodents between 10 and 100 ppm. The most susceptible target cells seem to be different in humans (predominant induction o f myelogenous leukemia) and small rodents (induction o f a wide variety o f tumors). Nevertheless, both epidemiological and experimental carcinogenicity data tend to indicate a flattening o f the response for the highest dosages, again suggesting a general saturation o f mechanisms of metabolic activation, extended to different target tissues. F r o m a quantitative point of view, the data suggest a carcinogenic potency at 10 p p m two to three times higher than that computable by a linear extrapolation from data in the 100 p p m range. These observations are in accord with the recent proposal o f the E u r o p e a n Economic C o m m u n i t y o f reducing benzene time-weighted average occupational levels from 10 to 5 ppm.
Introduction
Benzene is probably the chemical with the largest production and utilization in the world ( I A R C 1982 a). As a consequence, both occupational exposure and en-* Contributions to this work by Dr. Annamaria Colacci 1, Mario Mazzullo 1, and Maurizio Taningher 3 are gratefully acknowledged Offprint requests to: S. Gritli vironmental contamination occur to a rather significant extent. Benzene has been recognized for m a n y years as a carcinogen in humans with the induction o f acute myelogenous leukemia ( I A R C 1982a). The most c o m m o n regulatory standard for occupational exposure in industrialized countries is a limit o f 10 p p m (time-weighted average T W A ) ( I A R C 1982a). F o r the corresponding risk assessment often only epidemiological data have been considered ( I A R C 1982 a). Correlations with carcinogenicity data in rodents have less frequently been established (Lee et al. 1983) .
In this paper, we have tried to enrich current information by compiling the data related to genotoxicity versus nongenotoxicity in the mechanism o f action o f benzene, by comparing metabolism in humans and rodents, and by pharmacokinetic considerations o f a possible saturation o f benzene metabolism and genotoxicity at higher exposure levels.
Epidemiological data
In the annex to the IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Humans, vo129 (IARC 1982b) , a working group attempted a quantitative risk estimation for benzene, based entirely on human epidemiological data. Minimum estimates of 14-170 excess leukemia deaths per 1000 workers exposed over a working lifetime were calculated for an exposure level of 100 ppm. Their computations were based on three epidemiological studies (Vigliani 1976; Ott et al. 1978; Rinsky et al. 1981) for which ranges of excess cases and exposure levels are shown in Fig. I . Using the words of the authors (IARC 1982 b) : "The working group found that quantitative estimation was more feasible than seemed initially to be the ease. The group was impressed that rather large amounts of quantitative information could be extracted from the published epidemiological data and that reasonable risk estimations could then be based on that information."
The IARC estimate is in rather good agreement with the estimate of Goldstein (1985) . The lifetime risk per parts per million computed by this author was apparently about 10 times higher than the lifetime risk computed by the IARC Group. The difference is only apparent and due to the fact that in the Goldstein computations a continuous life exposure was considered, whereas in the computa- Fig. 1. Leukemia incidence in workers exposed to benzene (computations made by IARC Working Group, IARC 1982 a). Ranges of benzene concentration include variations in exposure levels and uncertainty in analytical determinations performed by "old" methods which had a precision of _+50% (Rinsky et al. 1981) tions of the IARC-Group the exposure was referred to 40 h/week for 45 years. When the computations of Goldstein are corrected according to the standard of exposure utilized by the IARC Group, the excess cases of leukemia deaths expected for 100 ppm become 332/1000 workers, in good agreement with the value deduced from Fig. 1 . In the Goldstein computations, two out of three epidemiological studies were the same as those utilized by the IARC Group.
Carcinogenicity in animals
To our knowledge, the first suggestion that benzene could be carcinogenic in small rodents came from work published in 1979 by Maltoni and Scarnato. The induction of Zymbal gland carcinoma in female rats was statistically significant (P = 0.0031) at 250 mg/kg (administered by gavage once daily, 4-5 days each week, for 52 weeks). A suggestion that benzene could be carcinogenic in small rodents upon inhalation came from a work published in 1980 by Snyder et al. Benzene was given to C57BL/6J mice at a concentration of 300 ppm, 6 h/ day, 5 days/week, for life. Eight hematopoietic tumors were found in 40 treated animals, whereas only 2 were found in 40 controls. The difference was suggestive but only borderline from a statistical point of view (P=0.044, one-tailed, according to the Fisher exact test).
After the publication in 1982 of the work of the IARC group on quantitative can'cer risk estimation based only on epidemiological data (IARC 1982b) , the carcinogenicity of benzene in small rodents was better defined und confirmed (NTP 1984; Cronkite et al. 1985; Maltoni et al. 1985 ). An overall picture of the results that we have considered relevant is presented in Table 1 . Differences in strain susceptibility and in route of administration can be observed: SpragueDawley rats are less susceptible than Fischer 344 rats to benzene administered by gavage. A quantitative comparison of the carcinogenicity results from oral with inhalation exposure could not be made because we could not find enough data on serum levels of benzene at different concentrations and times after beginning of treatment.
If we confine ourselves to the high dose inhalation experiments of Maltoni et al. (1985) , we can compute a tumor incidence over controls (animals with at least one tumor) of 0.27 for an average continuous concentration (on the basis of 8 h/day, 5 days a week) of 243 ppm for 2 years [a different value (TWA--284 ppm) is reported in the legend of Table 1 , but this value refers to a daily exposure of 4 h for 7 weeks plus 7 h for 97 weeks], equivalent approximately to an incidence over controls of 111/1000 animals for 100ppm for rat lifespan. If we consider the inhalation experiment with mice of Snyder et al. (1980) , we can compute a tumor incidence over controls of 0.i5 for an average continuous concentration of 225 ppm for 2 years, equivalent approximately to an incidence over controls of 67/1000 animals for 100 ppm for mouse lifespan. Considering carcinogenic potencies can span a range of more than 107 times (Parodi et al. 1982; Peto et al. 1984) , a difference by a factor 1.0. dence over controls (proportion of animals with at least one malignant tumor for all tumors), t is the length of observation (time unit = 2 years) and D is the dosage in millimoles per kilogram per day equivalent to the total dose divided by a 2-year exposure (Parodi et al. 1982) . Only dosages which produced statistically significant effects (P < 0.05) were considered. These data are not directly comparable with those of a Tumor incidence in treated groups was higher than that of controls from a statistical point of view (P<0.05). Only the most effective dosage was reported b Maltoni et al. (1985) . In inhalation studies, S-D rats were exposed to benzene pre-and postnatally [4-7 h/day, 5 days/week for 104 weeks (TWA =284 ppm) or 15 weeks (TWA = 200 ppm)]. Experiments with Wistar rats and Swiss mice are ongoing (100-week study). Tumor incidences from this work have been calculated by referring the number of tumor-bearing animals to the correct number (i.e., the number of survivors at the time that the first tumor appeared, regardless of the organ considered) ~ NTP study (1984) . Malignant tumors of lung, breast, and preputial glands were also induced d Only in females ~ Only in males f Malignant lymphomas g Snyder et al. (1980) . Mice were exposed for 6 h/day, 5 day/week for life. A single dose was tested h Cronkite et al. (1985) . Subehronic exposure (16 weeks of 2 to 5 between small rodents and humans is remarkably small. Obviously, in making this statement we imply that the ratio of tumor latency to lifespan is essentially the same for both humans and small rodents. Most experimental evidence seems to favor this broad assumption (behind this apparently simple hypothesis very complex problems are hidden when considering carcinogenesis as a multistep process. Mutation-like events seem to have a similar frequency in human and rodent cells, but perhaps the number of steps is different in the two species, in order to adjust latency to the respective lifespan). The dosage extrapolations at low levels of risk, performed by the USA Environmental Protection Agency (Lee et al. 1983; Goldstein 1985) , showed a similar picture of concordance between human and animal data.
From the point of view of overall tumor frequency small rodents and humans showed very similar sensitivity. Considering target organ, only few leukemias (usually not of the myeloid type) were induced in rodents. Zymbal glands and oral cavity were the primary targets in rodents, but neoplastic effects were also observed in liver and breast, and occasionally in skin, nasal cavity, lung, forestomach, adrenals, ovary, Harderian and preputial glands (Table 1) . We are aware that the application of animal data (as proposed here) to humans would be safer if not only a quantitative but also a qualitative similarity of tumor incidences had been shown in the two systems.
Some indication of a possible dose-response relationship is offered by the experiments when benzene was given by gavage. In Fig. 2 the oncogenic potency Table 2 . Short-term assays of potential carcinogenicity of benzene: evaluation of most genotoxicity data from literature. Figures indicate the number of short-term assays which were either positive ( + ) or negative ( -) . Unless otherwise indicated, data are taken from IARC (1982a, c) , ECETOC (1984) and Dean (1985) reviews. Data lacking in experimental details, equivocal for the authors or for IARC working group, or successively changed by the same authors after having modified experimental design, have not been considered Lee et al. (1983) b From Table 1 of ICPS collaborative study of Ashby et al. (1985) c From Kalf et al. (1985) d From Arfellini et al. (1985) e From Parodi et al. (1983) alkaline elution f From Parodi et al. (1983) viscosimetric unwinding g From Lutz and Schlatter (1977b) and Arfellini et al. (1985) index (OPI) computed according to Parodi et al. (1982) for increasing benzene dosages is reported, and suggests a higher relative sensitivity to the carcinogenic effect of benzene at lower dosage. Carcinogenicity data in rodents for vinyl chloride given by inhalation also showed typical flattening of the response at the highest dosages (Maltoni 1975) . However, in the case of benzene, dose-response experiments with inhalation exposure are not available. A quantitative correlation between human and animal data was reported by Rall (1977) for chlornaphazine, benzidine, diethylstilbestrol, and tobacco smoke.
Short-term tests
The qualitative results obtained with short-term assays are illustrated in Table 2 . As is typical of a compound examined in many different short-term tests and in many laboratories, there are a mixture of positive and negative results. In order to express a global opinion on the data, we have followed the approach suggested by Ashby et al. (1985) . We examined all the data that could be collected on benzene without any selection or exclusion of data. Benzene appeared positive in 53% of the cases (Table 2 ). In the perspective of the above considerations, the results are definitely more typical of a genotoxic carcinogen than of a noncarcinogen or nongenotoxic agent. However, looking at the results in more detail, the percent of positivity of DNA damage data was 47%, whereas for point mutations and chromosomal anomalies the values were 24% and 76%, respectively (Table 2 ). It seems reasonable that there might be something peculiar in the DNA damage induced by benzene, in the sense that the damage seemed clearly more clastogenic in vivo and in vitro than mutagenic. We have examined the publications available on chromosomal damage induced by benzene in rodents in terms of dose-response relationship after treatment in vivo (Erexson et al. 1984; Gad-el-Karim et al. 1984; Styles and Richardson 1984; Choy et al. 1985) . The results obtained are shown in Table 3 . The potency of the response (effect/dosage) clearly decreased from low to medium to high dosage. In the experiments where benzene was given by inhalation (Erexson et al. 1984; Styles and Richardson 1984 ) the net effect was only doubled when the exposure in- (Lee et al. 1983) , assuming a respiratory absorption coefficient of 0.5 and a ventilation capacity of 0.031/min for mouse d Subchronic treatment within NTP study (1984) . Micronuclei were measured after exposure for 5 days/week for 4 months (Choy et al. 1985) ~ Corresponding to 10.7 ppm according to EPA computations (Lee et al. 1983) , assuming a respiratory absorption coefficient of 0.5 and a ventilation capacity of 0.031/min for mouse f Exposure of 6 h (Styles and Richardson 1984) Corresponding to 7.1 mg/kg according to EPA computations (Lee et al. 1983) , assuming a respiratory absorption coefficient of 0.5 and a ventilation capacity of 0.1 1/min for rat h Exposure of 6 h (Erexson et al. 1984) Corresponding to 23.4 mg/kg according to EPA computations (Lee et al. 1983) , assuming a respiratory absorption coefficient of 0.5 and a ventilation capacity of 0.031/min for mouse ) PCE = polychromatic erythrocytes. NCE = normochromatic erythrocytes. SCE = sister chromatid exchanges (Maltoni et al. 1985) d B6C3F1 mice, gavage (NTP study 1984) e Swiss mice, gavage (Maltoni et al. 1985) f Wistar rats, gavage (Maltoni et al. 1985) g Wistar rats, i.p. (Arfellini et al. 1985) h SIV-50 rats, inhalation (Lutz and Schlatter 1977b) . Exposure in a closed inhalation chamber: the amount of benzene administered was known i BALB/c mice, i.p. (Arfellini et al. 1985) Arrows Hite et al. (1980) reported very large fluctuations in each time group after oral treatment, b u t the average trend was flattening of the response above 110 mg/kg, corresponding to approximately 47 p p m according to E P A c o m p u t a t i o n s (Lee et al. 1983 ) (see also legend of Table 3 ). Carcinogenic potency of m u t a g e n s in rodents seems to correlate semiquantitatively with adduct form a t i o n in liver D N A . In 1979 Lutz proposed an index of potency, the covalent b i n d i n g index (CBI) for D N A adducts. In 1982, Parodi et al. discussed a procedure for the t r a n s f o r m a t i o n of carcinogenicity data in terms of potency coefficient, OPI, which is, as a first a p p r o x i m a t i o n , the reciprocal of the TDso index of Peto et al. (1984) . F r o m a database of carcinogenic potency (OPI) a n d liver D N A adducts in vivo (CBI) that we had published previously (Parodi et al. 1982) we were able to find a group of 36 chemicals for which b o t h OPI a n d CBI data were available. These data, in ascending r a n k of potency are presented in Table 4 . Potency data concerning benzene were inserted at the appropriate places, between the 1 st a n d 5 th position for OPI values a n d between the 3 rd a n d 9 th position for CBI values. F o r b o t h OPI a n d CBI values benzene r a n k e d a m o n g s t the weakest chemicals on the scales of potency. The data seem to suggest n o t only a qualita-rive correlation between carcinogenicity and adduct formation but also some degree of quantitative correlation.
Kinetics and metabolism
In humans, following benzene exposure at relatively low concentrations (amount of absorbed benzene ~4-10 mg/kg) (Teisinger et al. 1952; Nomiyama and Nomiyama 1974 a, b) , about ~/3 is expired unchanged in the air and 2/3 is excreted as metabolites in the urine within 24M8 h. Approximately 87% is excreted as conjugates of phenol, 9% as conjugates of catechol, and 3 % as conjugates of hydroquinone. In Swiss mice injected s.c. with 440 or 880 mg/kg benzene, approximately 2/3 or 3/4, respectively, is excreted unchanged in the air, and 1/3 or 1/4, respectively, is excreted as metabolites in the urine within 24 h (Andrews et al. 1977) . Other studies on the urinary metabolites in mice (Longacre et al. 1981) , have indicated that 8t % is represented by phenol, 15% by catechol, and 4% by hydroquinone. Trace amounts of trans-tra.ns muconic acid and of 1,2,4-trihydroxybenzene have also been 8.8 .
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. Fig. 3 . Benzene concentration in the closed inhalation chamber as a function of time after injection of benzene into the chamber. In phase I, the major phenomenon is uptake and distribution of benzene in the rat. In phase II, benzene concentration decreases, essentially by zero order kinetics. In phase III, a shift to 1 ~t order kinetics occurs detected. Benzoquinones are, possibly, the electrophilic reacting intermediates; involvement of free radical mechanisms in phenol production has also been postulated (Johansson and Ingelman-Sundberg 1983) . The same metabolites and similar ratios have been found in the urine of many other mammals (IARC 1982a) , which suggests that the major pathways of benzene metabolism are similar in all mammalian species tested so far. In view of these considerations it seems acceptable to utilize the information obtained from experimental data (both short-term tests, metabolism, and pharmacokinetics) for an investigation of the relationship between dose and effects. In order to investigate the kinetics of uptake and metabolism of benzene by inhalation, adult male SIV-50 rats (270 340 g) were exposed to benzene evaporated in a closed inhalation system (a 2 1 desiccator) which has been described in detail elsewhere (Lutz and Schlatter 1977 a) . In this system, expired carbon dioxide was adsorbed on soda lime and replaced by pure oxygen to keep the total pressure at a constant level. A typical time-course of benzene concentration in the desiccator is shown in Fig. 3 : similar patterns were obtained for the experiments reported in Fig. 4 . During the first 2 h, the benzene concentration in the air rapidly decreased until an equilibrium was reached between absorption and exhalation. Within 2 h, about 90% of the total amount of benzene had been taken up by the rat, about 10% was in the air. In a second phase, the level of benzene in the chamber decreased slowly, always in equilibrium with the internal level of benzene so that the rate of the metabolic turnover could be estimated from the decreased benzene concentration in the air.
Using different doses of benzene, the phase II data were analyzed for the period of time required to halve the benzene concentration determined at 2 h. The results are shown in Fig. 4 . In the range 200-1200 ppm (0.6-3.8 mg/1), the "halflife" of benzene was not a constant value but seemed to increase linearly with benzene concentration in the air. This suggests a zero order reaction, as if the overall metabolic system was saturated and working at a maximum constant speed. A regular feature of the experiments reported in Fig. 4 was the presence of a phase III, as reported in the example of Fig. 3 : starting from about 50-30 ppm and below, the system was no longer saturated and first order decay of benzene levels was regularly observed.
Other findings seemed to confirm the observation that the rate of benzene metabolism is progressively saturated and flattened at concentrations above 30 ppm. The results of Andrews et al. (1977) seemed to indicate the same, when mice (30 g) were given allbenzene s.c., one group receiving 440 mg/kg and another group receiving 880 mg/kg. The metabolites in Reciprocal rate of benzene consumption in rats exposed to increasing concentrations of benzene (phase II of Fig. 3 ) in a closed inhalation chamber (Lutz and Schlatter 1977 a) . On the abscissa, the total amount of benzene applied to the chamber and expressed per kilogram body weight is given along with the corresponding concentration in the chamber after 2 h. This second scale was obtained from a linear regression (y=0.049 + 0.014x, r=0.954, n = 8) between benzene concentration observed in single experiments and total amount of benzene applied urine were measured over a 24-h period. The micromole equivalents of benzene found as metabolites in the urine were similar (60.1 and 72.6), irrespective of doubling the dose. Again, metabolic processes were saturated. Furthermore, rats inhaling benzene concentrations of 125, 250, 625, or 1250 ppm for 6 h excreted similar amounts of phenol in urine: hence benzene metabolism was already capacity-limited at 125 ppm (Gut and Frantik 1980) . Although no appropriate metabolism experiments are available in humans, the epidemiological data on the tumor incidence seem to suggest a flattening of the dose-response curve, for concentrations above 50 ppm (Fig. 1) .
Conclusions
The quantitative concordance between experimental data and epidemiological data seems to allow some degree of utilization of experimental results in human risk estimation. A few years ago, in response to the publication of the IARC report on benzene (IARC 1982b) it was hotly debated (Sun 1982; Tomatis 1982) whether a linear extrapolation from 170 excess leukemia deaths (for a working lifetime exposure to 100 ppm) to 17 excess deaths (3 times background risk) for a 10 ppm exposure could be defensible.
We have presented evidence that nonlinear doseresponse relationships suggested by the data on tumor induction in animals and man and on chromosomal damage in rodents might be explained by the metabolism of benzene which seems to become saturated in the dose range analyzed. A similar situation has been described previously for vinyl chloride where it was shown that metabolism , macromolecular binding , and tumor induction (Maltoni and Lefemine 1975) all become saturated at inhalation exposure levels between 500 and 2500 ppm. The threshold with benzene appears to be at a lower concentration in the rat (30-50 ppm) and it remains to be elucidated whether saturation of benzene metabolism in humans occurs in the same exposure range. Since this cannot be investigated in vivo, alternative methods might be required. One possibility would be the use of human tissue samples for the study of the maximum metabolic capacity in liver and bone marrow.
Because of the flattening of the curves at high exposure levels, probably due to saturation of the activation of benzene to reactive metabolites, the data obtained at the lowest exposure should be considered the most relevant as a basis for an extrapolation. Data obtained from dose levels above saturation will be of less value for defining the shape of the dose-response curves in the lower range. It is inevitable that a 10 ppm exposure will result in a higher risk than if the high dose data are given the same weight, regardless of the model chosen. Our utilization of the available information tends to suggest that going from 100 ppm to 10 ppm for a 45-year exposure the risk could be two to three times higher than that expected from a linear extrapolation. Usually benzene workers are exposed for an average of about 5-10 years and not for 45 years; therefore, we are dealing with a small increment of tumor incidence in comparison with the natural background of 1/4 to 1/5 cancer-related deaths. It is interesting to note that the European Economic Community (COM(85)669 def., Bruxelles, December 3, 1985) is considering the possibility of putting the limit of occupational exposure at 5 ppm instead of 10 ppm, as generally accepted by different countries. 
